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ABSTRACT: Wireless sensor networks will be responsible for a
majority of the fast growth in intelligent systems in the next
decade. However, most of the wireless smart sensor nodes require
an external power source such as a Li-ion battery, where the labor
cost and environmental waste issues of replacing batteries have
largely limited the practical applications. Instead of using a Li-ion
battery, we report an ultrastable, highly efficient, and super-
hydrophobic-surface-based triboelectric nanogenerator (TENG)
to scavenge wind energy for sustainably powering a wireless smart
temperature sensor node. There is no decrease in the output
voltage and current of the TENG after continuous working for
about 14 h at a wind speed of 12 m/s. Through a power
management circuit, the TENG can deliver a constant output
voltage of 3.3 V and a pulsed output current of about 100 mA to
achieve highly efficient energy storage in a capacitor. A wireless smart temperature sensor node can be sustainably powered
by the TENG for sending the real-time temperature data to an iPhone under a working distance of 26 m, demonstrating the
feasibility of the self-powered wireless smart sensor networks.
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Due to the fast development of internet of things,
wireless smart sensor networks/nodes have attracted
increasing attention in the past decade for realizing the

environmental detection, data analysis, and information
monitoring.1−3 An external power source such as a Li-ion
battery is needed for powering these wireless sensor nodes,
where these Li-ion batteries require periodic replacement due
to their limited capacity and lifetime.4−6 The main issue for
preventing the extensive applications of the Li-ion batteries in
wireless smart sensor networks is the periodic maintenance of
the million wireless smart sensor nodes, which can result in a
huge cost and expense. An ideal solution is to use an energy-
scavenging device instead of the Li-ion battery to scavenge
energy from the environment for sustainably powering
individual sensor nodes, where the energy-scavenging devices
are maintenance-free. Triboelectric nanogenerators (TENGs)
have been extensively utilized to scavenge the ambient
mechanical energy such as the vibrations, contact/separation
motions, sliding motions, and rotation motions.7−14 By using

the wind-induced vibrations of an organic triboelectric film, the
TENGs can scavenge wind energy in the natural environ-
ment.15−17 However, the relatively low output performance of
the wind energy harvesters cannot meet the needs of the large
electric energy for most of the wireless sensor nodes. Moreover,
these energy harvesters need to have good stability and to work
under different weather conditions such as rain or lack of
sunlight. To address these issues, it is necessary to develop an
ultrastable, waterproof, and highly efficient TENG to scavenge
wind energy for sustainably powering the wireless smart sensor
nodes.
Here, we report an ultrastable, highly efficient, and

superhydrophobic-surface-based TENG, which can be used to
scavenge wind energy from all directions for sustainably
powering a wireless smart temperature sensor node. The
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TENG consists of a polyamide (PA) film as the wind-induced
vibration layer and two Al electrodes covered by super-
hydrophobic films with a contact angle of about 153°. No
output voltage/current decrease of the TENG can be observed
after continuous working for about 14 h at a wind speed of 12
m/s. Through a power management circuit (PMC), the TENG
can deliver a constant output voltage of 3.3 V and a pulsed
output current of about 100 mA, which can charge a 10 mF
capacitor to 2.7 V in 70 s, and the corresponding energy storage
efficiency from the TENG into the capacitor by using the PMC
has been enhanced by over 500 times as compared to using a
rectifier. The fabricated TENG can be utilized to sustainably
power a wireless smart temperature sensor node to send the
real-time temperature data to an iPhone under a working
distance of 26 m. This work can push forward a significant step

toward wind energy scavenging and its potential applications in
the self-powered wireless smart sensor networks.

RESULTS AND DISCUSSION

Figure 1a,b illustrates SEM images of the polished Al sheet,
showing a smooth surface. The corresponding contact angle of
the polished Al sheet is about 62°, as displayed in Figure 1c.
The surface of the polished Al sheet was then chemically etched
into nanostructures, as presented in Figure 1d,e, resulting in the
corresponding contact angle decrease by about 33°, as
illustrated in Figure 1f. Since the used Al sheet is a kind of
hydrophilic material, the contact angle of the used Al sheet can
be decreased when the Al sheet was etched into nanostructures
on its surface. The etched surface of the polished Al sheet was
then modified in 1.2 wt % 1H,1H,2H,2H-perfluorodecyltri-
chlorosilane/toluene solution, as diagramed in Figure 1g,h. The

Figure 1. Superhydrophobic surfaces of the Al electrodes in the TENG. (a,b) SEM images of the polished Al electrodes with the low (a) and
high (b) magnifications. (c) Measured contact angle of the polished Al electrode. (d,e) SEM images of the etched Al electrodes with the low
(d) and high (e) magnifications. (f) Measured contact angle of the etched Al electrode. (g,h) SEM images of the modified Al electrodes with
the low (g) and high (h) magnifications. (i) Measured contact angle of the modified Al electrode. (j) Measured contact angles of the different
Al surfaces. (k) Photograph of the water drops on the superhydrophobic surface of the Al electrode.
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contact angle of the obtained superhydrophobic surface is
about 153°, as displayed in Figure 1i. We measured the contact
angles of 10 samples at the different surfaces, as shown in
Figure 1j, confirming that the change in the contact angles
under the different surfaces is similar as compared to that of the
polished Al surface. Figure 1k illustrates a photograph of the
superhydrophobic surface with several water drops on it, which
can be also observed in movie file 1 (Supporting Information).
Figure 2a displays a schematic diagram of the fabricated

TENG, which includes a PA at the middle of the device and
two Al electrodes covered by two superhydrophobic films. As
depicted in Figure 2b, the TENG has a dimension of 120 × 10
× 3 mm, where the distance of the air gap between the PA film
and the top/bottom Al electrode is about 0.8 mm. Figure 2c
illustrates the working mechanism of the TENG. First, when
the PA film was at the middle of the device, there is no output
current/voltage between the two Al electrodes. When the PA
film was moved up to contact the top superhydrophobic film,
the electrons can be injected from the PA film to the
superhydrophobic film due to the different triboelectric
polarities. There is also no output current/voltage between
two Al electrodes in the process-1. When the PA film was
moved down due to the wind-induced vibration, the electrons
can flow from the top Al electrode to the bottom Al electrode
due to electrostatic induction. When the PA film was moved

down to contact the bottom of the superhydrophobic film, the
electrons can be injected from the PA film into the bottom
superhydrophobic film. After the process-3, the output current/
voltage signals can be observed between the two Al electrodes
when the PA film vibrated between the two superhydrophobic
films.
As illustrated in Figure 3a,b, the TENG can generate an

output voltage of about 218 V and an output current of about
30 μA at a wind speed of 12 m/s. Figure 3c depicts the
measured output current peaks as a function of different
external loading resistances ranging from 100 kΩ to 10 MΩ,
showing the output current decreases with increasing the
loading resistances. The corresponding largest output power of
the TENG is about 2.2 mW under a loading resistance of 5
MΩ. For a new PA film without triboelectric charges on its
surface, it can be seen that the output current of the TENG can
be increased from 0 to 30 μA in about 100 s due to the
triboeletric charging process, as displayed in Figure 3d. As
illustrated in Figure 3e, both the output voltage and current can
be increased with increasing the wind speeds, where the
detailed data have been depicted in Supporting Information
Figures S1 and S2. By calculating the time between two
adjacent voltage peaks, the vibration frequency of the PA film
can be found to increase with increasing the wind speeds
(Figure 3f), where the corresponding working frequency of the

Figure 2. Device structure of the fabricated TENG and its operation principle. (a) Schematic diagram of the TENG. (b) Photograph of the
TENG. (c) Schematic illustration of the operating principle for the TENG.
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TENG is about 337 Hz at a wind speed of 12 m/s. To
understand the effect of the stretched forces applied in the PA
film on the output performance of the TENG, the output
voltage and current signals of the TENG were measured under
the different stretched forces (Figure 3g), showing that both
the output voltage and current of the TENG can be increased

with increasing the stretched forces from 0 to 2 N and then can
be decreased with increasing forces further from 2 to 8.6 N,
where the detailed data have been displayed in Supporting
Information Figures S3−S6. Under a stretched force of about 2
N, the TENG has the largest output voltage and current.
Moreover, it can be found that the working frequency of the

Figure 3. Output performance of the fabricated TENG related to different wind speeds and stretched forces. (a,b) Measured output voltage
(a) and current (b) signals of the TENG. (c) Measured output current and calculated output power of the TENG under the different loading
resistances. (d) Measured output current signals of a new TENG with increasing the time. (e,f) Measured output voltage/current (e) and the
working frequency (f) of the TENG under the different wind speeds. (g,h) Measured output voltage/current (g) and the working frequency
(h) of the TENG under the stretched forces.
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TENG can be increased with increasing the applied forces on
the PA film (Figure 3h), where the corresponding working
frequency can be up to 600 Hz under a stretched force of about
8.6 N.
To understand the relationship between the output perform-

ances of TENG and the wind directions, we measured output
voltage and current signals of the TENG under the different
angles between the wind direction and the device width
direction ranging from 0° to 360°. As illustrated in Figure 4a,b,
both the output voltage and current signals can be decreased
with increasing the angles. Under the angle of 90°, no output
voltage or current signals can be observed. The output voltage
and current of the TENG have the largest values at the angles
of 0° or 180°. Figure 4c displays the output current signals of
the TENG under a loading resistance of 5 MΩ at the different
angles, exhibiting that the TENG can scavenge the wind energy
from all directions. Moreover, Figure 4d depicts the
corresponding output powers of the TENG under the different
angles, exhibiting a similar change tendency for the output
voltage and the output current. The output voltage and current
stability of the TENG are displayed in Figure 5a, indicating that
no decrease of the output voltage and current can be observed
after the TENG was continuously working for 14 h. The
ultrastable output performance of the TENG is important for
the practical applications of the energy-harvesting devices. The
good stability of the TENG is associated with the vibration film
without metal electrodes on its surfaces.

To exploit the TENG as a power source of a wireless smart
sensor node, the produced electricity from the TENG needs to
be stored in a capacitor. The AC output voltage/current signals
should be converted into DC output signals by utilizing a full
wave bridge rectification circuit. As depicted in Supporting
Information Figure S7, the rectified output voltage and current
of the TENG are about 205 V and 28 μA, respectively. As
compared with the output voltage/current in Figure 3a,b, there
is a slight decrease due to the electricity consumption in the
circuit. Figure 5b displays the charging curves of the different
capacitors by using the TENG with a rectifier, showing that
more charging time is needed for the larger capacitor, where the
1000 μF capacitor can be charged from 0 to 3 V in about 300 s
of charging time. To increase the energy storage efficiency, it is
necessary to decrease the output voltage of the TENG. As
presented in Figure 5c, after using a transformer, the output
voltage of the TENG can be decreased from 218 to 9.6 V. As a
result, the output current of the TENG can be increased to 0.4
mA (Figure 5d). Although the output current of the TENG can
be enhanced by using a transformer, the output current of the
TENG after using a transformer still exhibit AC output
characteristics. As illustrated in Figure 5e,f, the TENG after
using a power management circuit (PMC) can deliver a DC
output voltage of 3.3 V and a pulsed output current of 100 mA.
To compare the charging performances of TENG with the
different methods, a 10 mF capacitor was utilized as the storage
unit. As displayed in Figure 5g, the TENG with a rectifier has a
lowest charging performance as compared with the TENG with

Figure 4. Output performances of the fabricated TENG under the different wind directions. (a,b) Measured output voltage (a) and current (b)
signals of the TENG under the different wind directions ranged from 0° to 360°. (c,d) Under a loading resistance of 5 MΩ, measured output
current signals (c) and the corresponding output powers (d) of the TENG under the different wind directions ranged from 0° to 360°.
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a transformer or a PMC. The TENG with a PMC has the best
charging performance among the three methods. By using the
different PMCs, the output voltage can modulated such as 1.8
or 2.5 V, where the corresponding output voltage and current
signals of the TENG are as displayed in Supporting
Information Figure S8. Moreover, it can be seen that the
voltage of the capacitor can be kept at a fixed value by using a

PMC, which is important for protecting the safety of
connecting the wireless smart sensor node. If a transformer
was used to power the wireless smart sensor, the continuous
increase of the charging voltage can result in the failure or
breakdown of the sensor. Figure 5h illustrates the stored energy
in the 10 mF capacitor by using the TENG with the different
methods. After the capacitor was charged in 70 s, the stored

Figure 5. Stability, output performance, and charging performance of the TENG. (a) Stability measurement of the TENG. (b) Charging curves
of the different capacitors by using the TENG with a rectifier. (c,d) Measured output voltage (c) and current (d) signals of the TENG after
using a transformer. (e,f) Measured output voltage (e) and current (f) signals of the TENG after using a PMC. (g) Measured charging curves
of a 10 mF capacitor by using the TENG with different methods. (h) The stored energy in the 10 mF capacitor by using the TENG with
different methods.
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energies by using the TENG with a rectifier, a transformer, and
a PMC are 0.064, 14.35, and 35.96 mJ, respectively. The energy
storage efficiency can be calculated using the ratio between the
stored energy and the produced energy by the TENG in 70 s.
As compared with the rectifier, the energy storage efficiency by
using a transformer and a PMC can be enhanced by over 200
times and over 500 times, respectively.
To demonstrate a self-powered wireless smart sensor node,

we fabricated a self-powered system including a TENG, a PMC,
a 10 mF capacitor, a wireless smart temperature sensor node,
and an iPhone for receiving the temperature data. Figure 6a
displays a photograph of a wireless smart temperature sensor
with a size of 4 × 4 × 0.7 cm. As presented in Figure 6b, the 10
mF capacitor can be charged from 0 to 3.3 V in 98 s in the
process-1. When the wireless smart temperature sensor was
turned on, the voltage of the capacitor was found to drop first

and then increase to 3.3 V. The decrease in the capacitor
voltage is due to fact that the produced electricity energy by the
TENG is smaller than the energy consumption for the
connection between the wireless sensor and the iPhone.
When the wireless sensor was connected to the iPhone, the
energy consumption for sending temperature data to the
iPhone is smaller than the produced energy by the TENG,
resulting in the increase of the capacitor voltage. After that, the
wireless smart temperature sensor node can work all the time
and send the temperature data to the iPhone. As shown in
Figure 6c, no temperature data can be observed on the screen
of the iPhone when the TENG was not working. When the
TENG was working, the wireless smart temperature sensor can
work and send the temperature data of a human finger touching
the iPhone, showing a value of 30.37 °C (Figure 6d), which can
be also seen in movie file 2 (Supporting Information). The self-

Figure 6. Self-powered wireless smart temperature sensor node. (a) Photographs of the used wireless smart temperature sensor. (b) Charging
curve of a 10 mF capacitor by using the TENG with a PMC to power the wireless smart temperature sensor. (c,d) Photographs of the wireless
smart temperature sensor before (c) and after (d) being powered by the TENG. (e) Photograph of the wireless smart temperature sensor that
can sustainably work by using the TENG to obtain the electric energy under a distance of 26 m.
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powered wireless smart temperature sensor node can
sustainably work and send the temperature data to the iPhone
under a distance of 26 m, as illustrated in Figure 6e and movie
file 3 (Supporting Information).
A self-powered wireless smart temperature sensor node has

been achieved by using the TENG to scavenge wind energy as
the power source instead of using a Li-ion battery. As compared
with previous TENGs, the fabricated TENG has the following
three advantages: First, the TENG has the superhydrophobic
surfaces with a contact angle of about 153°, which is important
for realizing the self-cleaning function and the sustainable
working of the TENG without the effect of external weather.
Second, most of the previous TENGs cannot endure the
continuous working for a long time due to the damage of the
metal electrode on the triboelectric film. In this study, an
ultrastable output performance of the TENG has been
achieved, where there is no decrease for the output voltage
and current of the TENG after continuous working of about 14
h at a wind speed of 12 m/s. The ultrastable output
performance is associated with not using the metal electrode
on the triboelectric vibration film. The obtained ultrastable
output performance of the TENG is important for pushing the
practical applications of this device. Third, the working of most
commercial sensors requires a low voltage (<5 V) and a high
current (>1 mA). However, most of previous TENGs have the
high output voltage (>100 V) and a low output current (<100
μA). In this study, a low output voltage and a high output
current of the TENG have been realized by using a PMC,
where the TENG with the PMC can deliver a constant output
voltage of 3.3 V and a pulsed output current of about 100 mA.
The optimized output performance of the TENG is important
for directly powering some commercial devices.
In addition, the energy storage efficiency from the TENG to

the capacitor has been dramatically enhanced. Most of the
TENGs were utilized to charge a capacitor by using a rectifier.
However, we found that charging a capacitor by using the
TENG with a PMC or a transformer will be much better than
by using a rectifier. In this study, after a 10 mF capacitor was
charged in 70 s, the stored energies by using the TENG with a
rectifier, a transformer, and a PMC are 0.064, 14.35, and 35.96
mJ, respectively. As compared with the rectifier, the energy
storage efficiency by using a PMC can be enhanced by over 500
times. For the practical application of the TENG, we have
achieved a total system including a TENG, a PMC, a 10 mF
capacitor, a wireless smart temperature sensor node, and an
iPhone for receiving the temperature data. The self-powered
wireless smart temperature sensor node can sustainably work
well and send the temperature data to an iPhone under a
distance of 26 m. This TENG can also be used as the power
source for providing electricity to the other wireless smart
sensors nodes. Future work can involve further improvements
of the output performance of TENG and the hybridization of
the different energies to realize the maximizing output of the
energy harvester for the self-powered wireless smart sensor
networks.

CONCLUSIONS
In summary, we have rationally designed an ultrastable, highly
efficient, and superhydrophobic-surface-based TENG to
scavenge wind energy from all directions for sustainably
powering a wireless smart temperature sensor node. There is
no decrease for the output voltage and current of the TENG
after continuous working for about 14 h at a wind speed of 12

m/s. Through a PMC, the TENG can deliver a constant output
voltage of 3.3 V and a pulsed output current of about 100 mA,
where the energy storage efficiency from the TENG into a 10
mF capacitor by using the PMC can be enhanced by over 500
times as compared with that by using a rectifier. A wireless
smart temperature sensor node can be sustainably powered by
the TENG for sending the real-time temperature data to an
iPhone under a working distance of 26 m, demonstrating the
feasibility of the self-powered wireless smart sensor networks.

METHODS
Preparation of Superhydrophobic Surfaces in the TENG.

Aluminum sheets were polished and ultrasonically cleaned in alcohol
and washed with deionized water. After this, they were then chemically
etched by immersion in a mixed solution (36% HCl and H2O with
volume ratio in 1:15) in plastic beakers at room temperature for 1 min.
After etching, the aluminum sheets were immediately rinsed
ultrasonically with deionized water and washed with ethanol, followed
by drying, and then placed in an oven at 120 °C for 5 min. The etched
aluminum sheets were modified in 1.2 wt % 1H,1H,2H,2H-
perfluorodecyltrichlorosilane/toluene solution at room temperature
for 10 h. After removal from the solution, the substrates were heat
treated at 140 °C for 2 h. A PA film (120 × 10 × 0.05 mm) was
ultrasonically cleaned in alcohol, washed with water, and then dried at
room temperature. After drying, the PA film was immersed in the
hydrophobic solution (Zixilai Technology, China) for 10 min at room
temperature. After removal from the solution, the PA film dried at
room temperature for 12 h.

Fabrication of the TENG. The fabricated TENG consists of a PA
film and two aluminum electrodes covered with the superhydrophobic
films. The working of TENG is based on the wind-induced vibration of
the PA film to realize the periodic contact and separation between two
different triboelectric materials. Two acrylic plates (120 × 10 × 5 mm)
as the substrates were cut by using a laser cutting machine. Two holes
with a diameter of 5 mm were fabricated at both ends of the acrylic
sheets. The supporting beams (10 × 10 × 0.8 mm) were fixed between
two acrylic sheets. Screws were used to fix the two ends of the PA film
in the middle of the TENG. When the wind flowed into the device, the
PA film can vibrate up and down to contact the aluminum sheets with
the superhydrophobic films, resulting in the observed output voltage/
current signals.

Measurement of the Fabricated Device. Contact angles were
measured with an optical contact angle meter at room temperature.
Water droplets were dropped onto the surfaces, and the average value
of 10 measurements at different positions of the sample was adopted
as the contact angle. The stretched forces of the PA film were
measured with a digital tensometer. The morphology of the aluminum
sheets with the polished, etched, and modified surfaces was performed
using a field-emission scanning electron microscope (SU8020). The
output voltage and current signals of the TENG were obtained by
using a mixed domain oscilloscope (Tektronix MDO3024) and a low-
noise current preamplifier (Stanford Research SR570), respectively.
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